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ABSTRACT: New single-crystal X-ray diffraction experiments and
density functional theory (DFT) calculations reveal that the crystal
chemistry of the CaO—BaO—CO, system is more complex than
previously thought. We characterized the BaCa(COs;), alstonite
structure at ambient conditions, which differs from the recently
reported crystal structure of this mineral in the stacking of the
carbonate groups. This structural change entails the existence of
different cation coordination environments. The structural
behavior of alstonite at high pressures was studied using
synchrotron powder X-ray diffraction data and ab initio
calculations up to 19 and 50 GPa, respectively. According to the
experiments, above 9 GPa, the alstonite structure distorts into a
monoclinic C2 phase derived from the initial trigonal structure. This is consistent with the appearance of imaginary frequencies and
geometry relaxation in DFT calculations. Moreover, calculations predict a second phase transition at 24 GPa, which would cause the
increase in the coordination number of Ba atoms from 10 to 11 and 12. We determined the equation of state of alstonite (V, =
1608(2) A%, By = 60(3) GPa, B’y = 4.4(8) from experimental data) and analyzed the evolution of the polyhedral units under
compression. The crystal chemistry of alstonite was compared to that of other carbonates and the relative stability of all known
BaCa(COs;), polymorphs was investigated.
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B INTRODUCTION reported.” Despite the fact that these carbonates have been

Abundance of carbon on the earth’s surface significantly differs extensively studied, the crystal chemistry of calcium carbonates

from the solar pattern." The deficiency of carbon on the earth’s and, in particular, the local environment around the Ca atoms

surface can be explained by an efficient deep carbon ingassing needs to be well understood. For instance, pure CaCO; has
during the last billion years of earth’s history.2 That is, missing been naturally found at ambient conditions in three structural
carbon would be stored in our planet’s interior in stable forms: (i) calcite, the rhombohedral stable phase, where the Ca
reduced or oxidized carbon forms. The most probable atoms are octahedrally coordinated by O atoms, (ii) aragonite,
candidates for the oxidized carbon species in the mantle are an orthorhombic phase, where the Ca atoms have nine O
carbonates, which enter via subduction processes at convergent neighbor atoms, and (jii) vaterite, a rare phase with partial
boundaries. atomic occupation factors, where the Ca atoms are 8-fold

Magnesium and calcium carbonates are the most abundant
on the earth’s surface. Ca-containing CaCOj calcite and
CaMg(CO;), dolomite are the principal carbonate minerals in
sedimentary rocks.” MgCO, magnesite, on the other hand, has
been suggested as the main host of oxidized carbon throughout
the mantle due to its structural stability.” In fact, the stability of
both Ca and Mg simple carbonate minerals differs greatly. Received:  February 4, 2021
While magnesite is stable throughout a large pressure and Revised:  April 9, 2021
temperature range (only a dense polymorph has been Accepted:  April 9, 2021
discovered above 115 GPa and 2100 K),™” calcite undergoes Published: April 23, 2021
several phase transitions under compression.”” In the case of
dolomite, two high-pressure (HP) polymorphs have been

coordinated in average. The explanation of such behavior has
often been oversimplified in the literature to a mere question of
the Ca®* cation size, which would delimit the border of the
calcite- to aragonite-type structures.
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Figure 1. Projections along the ¢ and b axes of the crystalline BaCa(CO;), structures of (a, b) trigonal P31m alstonite reported by Bindi et al,” (c,
d) trigonal P321 paralstonite,” and (e, f) trigonal P321 alstonite [this work]. Thick black lines indicate the unit-cell. Cyan, green, brown, and small
red spheres represent Ba, Ca, C, and O atoms, respectively. In alstonite representations (a, b, e, and f), the three types of [BaO,y] and [CaOg]
polyhedra are depicted to illustrate the differences in shape caused by the location of the [CO5] groups in both structural solutions. In paralstonite
representation (c, d), the Ba—Ba and Ca—Ca distances are shown to illustrate the hexagonal metallic layers existing in carbonate compounds.

The presence of other cations like alkaline (Na*, K*),
alkaline-earth (Mg>*, Sr**, Ba®"), or transition metals (Mn*",
Zn**, Fe**) in the carbonate structure, as well as the existence
of additional anions that could provide negative charge,
conditions the Ca local environments. Thus, whereas
CaM(CO;), (M = Mg, Mn, Zn, Fe) present Ca-centered
octahedra,”~'" the different Ca—Mg stoichiometry of huntite
CaMg;(CO;), entails the formation of Ca-centered trigonal
prisms.'” In calcium carbonates that include Na*, K*, Sr**, Ba®*
cations, Ca coordination varies from 6 to 9 de?ending on the
structure or even within the same structure. > >> Naturally
occurring calcium silicate-carbonates, for instance, present a
large variety of Ca atom environments, ranging from 6-fold to
9-fold coordination.””** Note that the different classes of
irregular cation-centered oxygen polyhedra exhibit a wide
range of volumes and bulk moduli, which suggests that other
divalent cation species could be accommodated in these sites.
Therefore, the study of the atomic arrangements in different
Ca carbonate systems and their behavior at high pressures
could provide insight into the nature of the Ca—(CO;)
interactions and potential chemical substitution at inner earth
conditions.

The double carbonate CaBa(COj), exists naturally as three
different polymorphs: monoclinic barytocalcite,'” and trigonal
intimately related alstonite®® and paralstonite®’ phases. A new
monoclinic polymorph has also been synthesized.”> As it
occurs in CaCO;, Ca atoms in CaBa(CO;), adopt 6-fold or 8-
fold coordination depending on the polymorph. This work
determines an ambient condition alstonite structure that differs
from a previously reported solution® and reports its
experimental high-pressure behavior. Density functional theory
(DFT) calculations of the different CaBa(CO;), phases shed
light on their relative thermodynamical stabilities upon
compression. The evolution of the lattice parameters and
atomic coordinates at high pressure shows the change of cation
environments and allows determining both polyhedra and bulk
compressibilities.

B EXPERIMENTAL DETAILS

Naturally occurring alstonite samples from the Fallowfield
mine, in Northumberland (U.K.), were kindly provided by the
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Yale Peabody Museum (Specimen YPM MIN 034129). A few
crystals were optically selected under the microscope. Some of
them were crushed to obtain a fine white powder. Qualitative
chemical analyses were done on a Philips XL30 scanning
electron microscope using energy-dispersive X-ray spectrosco-
py. According to them, the chemical composition of our
alstonite sample was Ba g5(3)5T0,05(1)Cap99(6) (CO3),. We solved
the alstonite structure from angle-dispersive single-crystal X-
ray diffraction (XRD) data collected on a Bruker D8 Venture
diffractometer at ambient conditions using Mo Ka radiation.
Indexing, data reduction, and empirical absorption correction
were performed using APEX3 software. Structure solutions and
structural refinements were performed with SHELXT” and
SHELXL,* respectively, operated using the WinGX inter-
face.”” We found that the sample has a structure slightly
different than the one recently reported by Bindi et al.>’ The
structural solution will be briefly described later.

High-pressure angle-dispersive powder XRD experiments
were conducted at the MSPD beamline of the ALBA-CELLS
Synchrotron Light Source® using a monochromatic incident
beam of 0.4246 A. HP measurements were performed using a
diamond-anvil cell (DAC), a technique that allows to strongly
modify and subsequently analyze the atomic interaction in
solids.””*° The alstonite sample was placed in a stainless-steel
gasket cavity inside the membrane DAC along with the Cu
powder for pressure determination’’ and a 4:1 mixture of
methanol—ethanol was used as a pressure-transmitting
medium.”” Diffraction patterns were collected at different
pressures for 20 s up to 19 GPa. The LaB, powder was used for
distortion correction, and integration to conventional 20-
intensity data was carried out with Dioptas software.”® The
indexing and refinement of the powder patterns were
performed using the Unitcell’* and Powdercell”® program
packages.

B COMPUTATIONAL DETAILS

Calculations were carried out using the projector augmented
wave (PAW) method*® implemented in Quantum ESPRES-
SO.?” The number of valence electrons in the atomic data sets
are: 10 (Ba), 10 (Ca), 4 (C), and 6 (O). We used a 100 Ry
plane-wave cutoff for the Kohn—Sham states and a 1000 Ry

https://doi.org/10.1021/acsearthspacechem.1c00032
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cutoff for the electron density. The functional used was
B86bPBE,***° combined with the exchange—hole dipole
moment (XDM) model for dispersion.””*' To confirm the
results, we also used the PBEsol functional,”* which gives
equivalent results to B86bPBE-XDM. We explored the
convergence of the total energy and stress tensor with respect
to k-point grid size. Satisfactory convergence was achieved
using the following (shifted) k-point grids: 3 X 3 X 3
(barytocalcite), 3 X 3 X 3 (paralstonite), 1 X 1 X 4 (alstonite),
1 X 1 X 4 (C2 HP-alstonite), and 3 X 3 X 3 (C2 synthetic
phase, ref 22.).

Geometry optimizations were carried out with tight
convergence parameters ( 1073 Ry in the energies and 107*
Ry/bohr in the forces). For each phase, the equilibrium
geometry was determined at zero pressure and at S0 GPa, and
a uniform volume grid was built between the two structures
containing 41 points. Constant-volume geometry optimiza-
tions were run at each point in the volume grid, and the
resulting energy—volume equation of state was input into the
gibbs2 program*”** to fit analytical equations of state and
determine the phase stability under pressure. We also
calculated the Gamma for alstonite using the phonopy
software.*®

B RESULTS

Crystal Structure of Alstonite at Ambient Conditions.
Since its first identification in the mid-XIX century,*® the
crystal structure of BaCa(COs;), has remained unknown until
very recently, when Bindi et al. reported that it could be
described by a trigonal P31m space group (SG) with lattice
parameters a = 17.4360(6) A and ¢ = 6.1295(2) A (V =
1613.80(9) A, Z = 12).”° The crystal structure of reported
alstonite is depicted in Figure la,b. It consists of two different
hexagonal layers of cations perpendicular to the ¢ axis (at z/c =
0 and 0.5) stacked in a ...ABAB... conformation, one is Ba-rich
with a ratio Ba/Ca = 3 in cation sites, and in the other layer the
ratio Ba/Ca is the inverse. As it can be seen in the ac
projection, the carbonate groups are located among the cation
layers and are arranged parallel to these, the [CO5] units being
at two different heights between the Ba/Ca layers (at z/c ~ 1/
4, 1/3 or 3/4, 5/6). The chemical composition of the cation
layers in alstonite is one of the main differences with respect to
the paralstonite polymorph,”' depicted in Figure 1c,d. The
latter is characterized by alternating layers of Ca and Ba atoms
along the ¢ axis, which shows that the structure could be
described by a half-length a axis. The other difference is the
arrangement of the [CO;] groups, in which parastonite are
staggered at three heights between cation layers (at z/c ~ 1/6,
1/4,1/3 or 2/3, 3/4, 5/6). Both crystal structures have the Ba
atoms in 10-fold coordination and Ca atoms in 8-fold
coordination, but the shape of the cation-centered O polyhedra
are different. For instance, the difference between shorter and
longer Ca(1)—O distances in the [Ca(1)Og] polyhedron of
the reported P31m alstonite (2.184(13) — 2.752(7) A)*" is
significantly larger than that observed in paralstonite [CaOq]
polyhedra (2.36(2)—2.59(1) A

As a previous step to the study of our alstonite sample, we
selected a clean, transparent, and crack-free crystal with
dimensions 100 X 100 X 20 ym?® under the optical microscope
to perform an ambient condition single-crystal XRD experi-
ment and solve its structure. After the data collection, the
indexation confirmed a hexagonal symmetry with lattice
parameters a = 17.460(3) A and ¢ = 6.125(2) A. The data
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integration suggested noncentrosymmetric space groups P62m
(R, = 0.1445), P31m (R, = 0.1385), and P321 (R, =
0.1026). Considering that the structure had been recently
solved by Bindi et al,, in space group P31m, we solved the
structure of our alstonite sample in P31m and P321 with the
lowest internal R value. For the structural solution, we
employed SHELXT, which located all of the metallic ions
and a large number of oxygens and carbons, yielding in both
space groups R1 values of 0.158 and 0.143 for P31m and P321,
respectively. Further refinement cycles with the SHELXL
program helped to locate the remaining atoms in both space
groups obtaining, with the isotropic refinement of all atoms, R1
values of 0.0732 (P321) and 0.0908 (P31m). Even though
these ordered solutions with full-site occupations seemed
reasonable, both refinements showed residual charge densities
for most positions and, in particular, in one of the Ca positions.
We refined then allowing site occupancy for this Ca position
with some Sr (also present in our sample) considerably
lowering the RI1 value but providing unrealistic atomic
distances in both space groups. Hence, we stepped back and
continued with fully ordered refinement but this time refining
the metallic atoms anisotropically. This yielded residual values
of R1 = 0.0643 for 1740 diffraction peaks whose Fo > 46(Fo)
and 106 refined parameters in P321, and R1 = 0.0837 for 1816
diffraction peaks whose Fo > 40(Fo) and 117 refined
parameters in P31m. Crystal refinement details of both space
groups are shown in Table 1. Hence, we conclude that the

Table 1. Parameters and Results of Single-Crystal XRD Data
Collection, Data Reduction, and Crystal Refinement

Crystal Data

chemical formula BaCa(CO;), BaCa(CO;),
cell parameters
a(A) 17.459(3) 17.459(3)
c(A) 6.125(2) 6.125(2)
V(A%) 1616.9(8) 1616.9(8)
VA 12 12
space group P321 P31m
p(g/cm®) 3.668 3.668
Data Collection
temperature (K) 299(2) 299(2)
A(A) 0.71073 071073
reflection range
—-22<h<22 —-22<h<22
—-20<k<21 -20< k<21
-7<L1<7 =717
no. of reflections obs 12 000 12 000
unique reflections obs 2411 2532
rint, obs 0.1026 0.1385
Refinement
no. of parameters 106 117
R1 0.0643 0.0837
wR2 0.2148 0.2713
GooF 1.036 1.006

structure of our alstonite sample is better described in space
group P321 with the residual charge density being most
probably due to uncounted occupational disorder.

The new P321 structure of alstonite is shown in Figure le,f.
It is intimately related to paralstonite. In paralstonite, the metal
atoms are arranged alternating pure Ca and pure Ba hexagonal
layers and the unit-cell parameters are a = 8.692(3) and ¢ =

https://doi.org/10.1021/acsearthspacechem.1c00032
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Table 2. Atomic Coordinates and Thermal Displacements (U,,/Ui,) of P321 BaCa(CO;), Alstonite from Single-Crystal XRD

Data at Ambient Conditions

atom x y

Ba0l 0.15617 (16) 0.50234(15)
Ba02 0.3385(16) 0.33825(16)
Ba03 0.15772(17) 0.15772(17)
Ca01 0.1798(4) 0.6818(4)
Ca02 0 0.1777(7)
Ca03 0 0.328(7)
001 0.0715(12) 0.9966(12)
002 0.2324(12) 0.4055(12)
003 0.1617(13) 0.4105(12)
004 0.9950(12) 0.4278(13)
00s 0.7379(15) 0.4102(14)
006 0.0843(13) 0.3268(13)
007 0.2359(14) 0.3393(13)
008 0.9253(12) 0.5081(12)
009 0.0748(13) 0.5755(13)
010 0.1593(13) 0.2559(14)
011 0.0883(13) 0.2642(13)
012 0.6594(16) 0.4027(15)
Co1 0.66667 0.33333
Co02 0.9996(11) 0.5054(11)
Co03 0.161(2) 0.3360(18)
C04 0.66665 0.33332
CO05 0 0.3283(19)
Co6 0 0

z Ueq Uiso
0.9997(3) 0.0111(S)
0 0.0082(7)
0.5 0.0117(7)
0.4999(9) 0.0022(12)
0 0.017(3)
0.5 0.012(2)
0.756(3) 0.013(4)
0.177(3) 0.008(4)
0.640(3) 0.009(4)
0.740(3) 0.016(4)
0.175(3) 0.017(5)
0.168(3) 0.013(4)
0.651(3) 0.012(4)
0.743(3) 0.019(4)
0.742(3) 0.023(4)
0.139(3) 0.012(5)
0.667(3) 0.012(3)
0.646(4) 0.025(6)
0.177(7) 0.002(9)
0.740(3) 0.001(5)
0.657(4) 0.008(5)
0.652(8) 0.009(11)
0.165(4) 0.013(6)
0.762(7) 0.022(19)

6.148(4) A (Z = 3).*' In the alstonite structure, the Ba-rich
layer contains 3/4 parts of Ba atoms and 1/4 of Ca atoms,
while in the Ca-rich layer is the opposite. Thus, the Ca(2)
atoms at 3e sites and Ba(3) atoms at 3f sites occupy positions
in the Ba- and Ca-rich layers, respectively. The resulting cation
layers are identical to those reported by Bindi et al. using the
SG P31m to describe the structure. Between layers, the
carbonate groups lie approximately parallel to the ab plane in
three different levels, as opposed to the two levels reported
using the P31m structural model. The cation rearrangement
with respect to paralstonite entails that certain carbonate
groups appear rotated as a consequence of the accommodation
of cations of different sizes in adjacent layers. For instance, half
of the [CO;] groups at y/b = 0 and all of the [CO;] groups at
y/b = 1/2 are rotated 60° relative to those of paralstonite, in
such a way that all Ba and Ca atoms could adopt the 10-fold
and 8-fold coordination, respectively. This structural arrange-
ment can only be described with a unit-cell where the a axis is
doubled with respect to parastonite (Z = 12). Note that
alstonite defined within the P321 SG provides more uniform
Ca—O distances (3.31(1)—2.65(1) A) than the P31m
structural model (see above). The atomic coordinates of the
refined structure are collected in Table 2.

The correct determination of the crystal structure of our
alstonite mineral is supported by the slightly better match of
the experimental powder XRD pattern with the P321 model
(see Figure 2). The diffraction peak intensities calculated with
both the P321 and the P31m structural models are similar in
the whole 260 range, except between 29 and 32° (Cu Ka
wavelength). The reflections (202) and (022) modeled by the
P321 structural description explain the experimental diffraction
peak at 31.6° better.

Additionally, we carried out DFT calculations of all of the
known BaCa(CO;), polymorphs up to SO GPa, that is, P2,/m
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40
2theta (degrees)

Figure 2. Experimental XRD pattern of alstonite (black) and
calculated profiles of both P31m (blue)[20] and P321 (red) [this
work] trigonal phases reported for alstonite. The patterns correspond
to Cu Ka wavelength (dy,, = 1.540598 and A, = 1.544426 A). Both
structural models give rise to similar diffraction intensities, except in
the 20 range 29—32° (region within the green rectangle). A slightly
better profile match is obtained with the P321 structure.

barytocalcite,'” P321 parasltonite,”' the synthetic C2,”* and the
P31m*® and P321 [this study] alstonite phases. Figure 3ab
shows the energy as a function of calculated volume curves and
the enthalpies calculated for each phase referred to the
enthalpy of alstonite P31m phase,” respectively. The
enthalpies of alstonite P321, paralstonite, and barytocalcite
are very similar over the studied pressure range, within 3 KJ/
mol (0.08 eV) per formula unit of each other. This indicates
that either of these phases may be observable under the proper
experimental conditions, and it is not possible to predict on the
basis of stability calculations alone whether one or the other
will appear. At ec%uilibrium and zero pressure, the P31m
alstonite variant’® has higher energy than the three
aforementioned phases (approx. 9 KJ/mol, or 0.19 eV per
formula unit higher than barytocalcite), which indicates that

https://doi.org/10.1021/acsearthspacechem.1c00032
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Figure 3. (a) Cohesive energy as a function of the volume per
BaCa(CO;), formula unit for the P2,/m barytocalcite,"” P32
paralstonite,21 synthetic C2,”* P31m alstonite,”” and P321 alstonite
[this work]. (b) Enthalpy difference as a function of pressure showing
the higher stability of P321 alstonite with respect to P31m alstonite.
The P31m alstonite™ phase has been taken as a reference.

this phase is less stable. The synthetic C2 phase is unstable at
all pressures relative to any of the other phases. This discussion
on the stability of the different BaCa(CO;), polymorphs is
based on enthalpy differences alone, the entropic effects being
disregarded (they may be important at high temperatures).

Structural Properties of Alstonite under Pressure.
Quasi-hydrostatic compression increases density and alters the
interatomic interactions, which may lead to phase transitions
to minimize the overall free energy of the system.”’ In this
section, we study the structural response of alstonite to
increasing pressure.

High-pressure synchrotron powder XRD patterns present
texturing effects due to uneven crystal sizes. This effect causes
inaccuracies in the relative intensities of the diffraction maxima
and precludes full structural refinements. Only LeBail refine-
ments could be performed. Under compression, the diffraction
peaks shift to higher angles as expected for a decrease of
interplanar distances, but no additional maxima are observed
(see Figure 4). XRD peaks of our patterns were indexed with
the trigonal unit-cell of alstonite in all of the pressure range of
this study, which suggests that alstonite is stable up to 19 GPa.
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Figure 4. Powder XRD patterns of BaCa(COj), alstonite at different
pressures. The pattern of the recovered alstonite sample is shown on
top. Asterisks denote the diffraction maxima of copper, the internal
pressure gauge.

The indexed lattice parameters and unit-cell volumes at
different pressures are collected and shown in Table 1S of the
Supporting Material.

The evolution of the unit-cell parameters (Figure S) and
volume (Figure 6) as a function of pressure presents a good
overall agreement with our ab initio total-energy calculations
below 9 GPa. In the following, theoretical values are denoted
in parentheses. The lattice parameters of the trigonal P321
unit-cell vary smoothly with increasing pressure up to 9 GPa,
which supports the absence of phase transitions in this pressure
range. The absolute experimental contractions for the a- and
the c-axes at this pressure are 0.438(7) and 0.403(5) A,
respectively. Experimental (theoretical) axial linear compressi-
bilities for alstonite in the 0—9 GPa range are f, = 2.51(5) X
107% (2.48(7) x 1073) and B, = 7.20(12) x 1072 (7.47(13) X
107%) GPa™ and indicate strong axial anisotropy. The axial
compression ratio defined as 3./, is 2.87(7) (3.01(8)). This
result shows that the ¢ axis is approximately 3 times more
compressible than the a axis. The a/c axes ratio increases with
pressure according to the expression a/c 2.850(1) -
0.0143(2)-P (see the inset of Figure 6). This response to
external pressure arises from the fact that the relatively
incompressible [CO,] carbonate units are arranged approx-
imately parallel to the ab plane, whereas the compressibility of
the ¢ axis can be directly attributable to the [BaO,,] and
[CaO4] polyhedral compression. A third-order Birch—
Murnaghan equation of state (BM-EoS) fit* to our P—V
data set yields a zero-pressure volume V;, = 1608(2) A a bulk
modulus of By = 60(3) GPa, and a bulk modulus first-pressure
derivative of By’ = 4.4(8). These experimental results compare
well with those obtained from theoretical calculations: V, =
1608.0(1) A3, By = 64.25(4) GPa, and By’ = 3.99(1). The bulk
modulus lies in between those of the two end-member
carbonates: 67(2) GPa for CaCOj calcite,” 66.5(7) GPa (B,
= 5.0(1)) for CaCOy; aragonite’” and 48(1) GPa for BaCO,
witherite,”" and it is comparable to the 62.7(6) GPa of SrCO,
strontianite.>”>* In other words, our data evidences that
BaCa(COs,), alstonite is more compressible than all of the
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Figure S. Pressure dependence of the a (top) and ¢ (bottom) lattice
parameters of BaCa(COj,), alstonite. Upstroke experimental data are
depicted as solid squares, whereas the data of the recovered sample
are depicted with empty squares. Fits to experimental P321 data in the
pressure ranges 0—9 and 9—19 GPa are represented as solid and
dashed black lines, respectively. Lattice parameters from monoclinic
C2 indexations are depicted in dark and light gray symbols. DFT data
are represented as solid orange lines.

divalent metal carbonates and silicate-carbonates except
witherite,'>*>27

Taking into account the good agreement found between
experimental and theoretical data in (i) lattice parameters and
atomic positions at ambient conditions (see Tables 2 and 3)
and (ii) the unit-cell compressibility behavior within the 0—9
GPa pressure range, we use data from our DFT simulations to
study the variation of bond distances and polyhedral
compressibilities with pressure. The Ba- and Ca-centered
polyhedral volumes of BaCa(COj;), alstonite vary smoothly
with pressure in that range (see Figure 7) and give the bulk
moduli shown in Table 4. It can be seen that the bulk moduli
of both the Ba-centered and Ca-centered O polyhedra are
similar (ranging from 60.5 to 68.2 GPa), but the B’ values are
higher for [CaOg]. This means that these polyhedra become
progressively more incompressible with increasing pressure.

Above 9 GPa, the diffraction peaks of the XRD patterns
could also be roughly explained with the trigonal unit-cell of
alstonite. The a lattice parameter would become almost
incompressible (see Figures S and 6), whereas the O—O
contacts between two neighboring [CO;] units parallel to the
ab plane increase their stiffness. As it occurs in other common
layered materials, it is most compressible along the stacking
axis than along a perpendicular direction. No volume
discontinuities were observed in the studied pressure range.
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Figure 6. Pressure dependence of the unit-cell volume of BaCa-
(COs;), alstonite. Upstroke experimental data are depicted as solid
squares, whereas the data point corresponding to the recovered
sample is depicted with an empty square. Fits to experimental data in
the pressure ranges 0—9 and 9—19 GPa (P321 and C2 unit-cells yield
similar volumes per formula unit) are represented as solid and dashed
black lines, respectively. DFT data are represented as solid orange
lines. Inset: Evolution of the a/c axes ratio as a function of pressure.

Table 3. Atomic Coordinates of P321 BaCa(CO;), Alstonite
at Ambient Pressure from DFT Calculations (a = 17.4419 A
and ¢ = 6.1030 A)

atom x y z

Ba01 0.1552 0.5028 0.9967
Ba02 0.3370 0.3370 0.0000
Ba03 0.1584 0.1584 0.5000
Ca01 0.1821 0.6842 0.4965
Ca02 0.0000 0.1794 0.0001
Ca03 0.0000 0.3264 0.5001
001 0.0714 0.9946 0.7561
002 0.2310 0.4047 0.1745
003 0.1603 0.4117 0.6288
004 0.9958 0.4298 0.7412
00s 0.7372 0.4110 0.1826
006 0.0820 0.3268 0.1672
007 0.2372 0.3404 0.6441
008 0.9264 0.5085 0.7460
009 0.0746 0.5780 0.7377
0o10 0.1587 0.2560 0.1399
011 0.0880 0.2642 0.6668
012 0.6614 0.4049 0.6451
Co1 0.6667 0.3333 0.1857
C02 0.9990 0.5085 0.7349
Co03 0.1621 0.3383 0.6504
C04 0.6667 0.3333 0.6491
Cos 0.1580 0.3297 0.1639
Co06 0.0000 0.0000 0.7628

It is noticeable however that the width of several diffraction
peaks, particularly those at higher 260 angles, increases
significantly above this pressure in the XRD pattern profiles.
This fact could be due to the presence of nonhydrostatic
stresses that could lead to the formation of a lower symmetry
phase via a second-order symmetry-reduction phase transition,
consequence of a lattice dynamical instability.
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Figure 7. Representation of the evolution under compression of the
different polyhedral unit volumes of BaCa(CO;), alstonite according
to DFT calculations. Above 24 GPa, the Ba atoms increase their
coordination numbers from 10 to 11 (17%) and 12 (83%).

Table 4. Bulk and [BaO,y] and [CaOg] Polyhedral
Compressibilities in P321 BaCa(COj;), Alstonite

V, (A3%) B, (GPa) B,
BaCa(CO;), experiment 1608(2) 60(3) 4.4(8)
BaCa(CO;), theory 1608.0(1) 64.25(4) 3.99(1)
[Ba(1)0,,] 45.531(6) 63.8(3) 4.37(5)
[Ba(2)0,,] 45.579(4) 65.3(2) 4.31(3)
[Ba(3)0,] 46.501(3) 66.4(2) 4.43(3)
[Ca(1)0q] 26.208(5) 68.2(4) 5.50(8)
[Ca(2)04] 25.899(5) 60.5(3) 4.71(6)
[Ca(3)04] 25.773(4) 64.5(3) 5.00(6)

Phonon frequencies were calculated using the frozen-
phonon method (implemented in Phonopy™) for the P321
alstonite phase at nine points between zero and 20 GPa. The
appearance of imaginary phonon frequencies indicates that a
dynamical instability develops in this phase at around 15 GPa.
The eigenvector corresponding to one of the imaginary-
frequency modes at 20 GPa was used to perturb the P321
structure and a subsequent fixed-volume geometry relaxation
was carried out, which resulted in a broken-symmetry C2 phase
with lower enthalpy than the P321 phase at high pressure. The
C2 phase converges to the same structure as P321 alstonite at
low pressure, while it diverges from it in the pressure range
between 15 and 20 GPa.

This C2 monoclinic unit-cell comes from a translationen-
gleiche subgroup of the initial trigonal P321 unit-cell, with the
following axes transformation: a’ ~ 2a + b, b’ ~ b, ¢’ ~ ¢ and
an f angle that could differ from 90°. Calculations predict that
this distorted phase would be slightly more stable thermody-
namically than the initial alstonite structure above 15 GPa, and
suggest that the  angle barely varies around 90° up to 50 GPa.
The lengths of the a’ and b’ axes progressively change their
ratio above that pressure but the difference between the length
of the pseudotrigonal axes b—a is relatively small (for instance,
a and b differ in 0.05 A at 21.3 GPa). According to our
calculations, the dominant deformation mechanism under
hydrostatic pressure involves slightly correlated tilts of [CO,]
units located at y/a’ ~ 0, 0.25, 0.5, and 0.75 with respect to the
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¢’ axis and small shifts of these units along a’. These atomic
displacements cause the appearance of 12 different environ-
ments around the Ba and Ca atoms in the C2 phase (coming
from only three environments for each type of atom in the
initial P321 phase), which evolve independently under
compression. This fact produces that the polyhedral volumes
slightly diverge above 15 GPa. DFT calculations also predict a
second phase transition to a different monoclinic C2 phase at
24 GPa. Above this pressure, in addition to the [CO;] tilting
movements, 1/3 of the carbonate units shift considerably in
the ¢’ direction (see Figure 8), which produces a change in the
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Figure 8. Projections along the ¢ and b axes of the HP BaCa(CO;),
C2 polymorph found to be stable above 24 GPa. Cyan, green, brown,
and small red spheres represent Ba, Ca, C, and O atoms, respectively.

[CO,] stacking between cationic layers from a ..2132132... to a
..2112332... configuration (1, 2, and 3 denote here different z/
¢ values). Upon compression, this atomic rearrangement drives
a larger contraction in the 4’ direction that couples with severe
incompressibility in the perpendicular b’ direction and causes
the increase of the coordination number of Ba atoms from 10
to 11 and 12 (see Figure 7).

The slightly different values for the pseudohexagonal a and b
axes or a very small deviation of the f angle from 90° of the
monoclinic cell would produce the apparent widening of the
diffraction peaks experimentally observed above 10 GPa.
Unfortunately, the huge monoclinic unit-cell generates a large
number of reflections that overlap, not allowing the accurate
determination of the lattice parameters. The monoclinic lattice
parameters that best describe the experimental patterns at
different pressures are shown in Table S2. The lattice
parameters of the C2 phase inferred from our limited quality
HP powder XRD data show a splitting of the pseudotrigonal
axes above 9 GPa (b—a ~ 0.08 A). Between 9 and 12 GPa, the
B angle is approximately 90°, but further compression increases
the value to ~90.6° at P > 15 GPa. This monoclinic C2 unit-
cell was previously proposed by Dickens (in an unpublished
study, according to Roberts**)*® for the ambient conditions
alstonite structure. Unfortunately, the crystal structure could
only be partiallgr refined and the location of the [CO;] groups
was uncertain.’® However, Dickens’ study provided lattice
constants very similar to those of the high-pressure phase
found in the present work, i.e., a = 30.163(9) A, b = 17.413(5)
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A, ¢ = 6110(1) A, and B = 90.10(1)° and revealed
pseudohexagonal symmetry normal to (001) and alternating
Ba- and Ca-rich layers in the ...ABAB... sequence, just like the
structure we report here.

A second-order BM-EoS fit to our experimental P—V data
above 9 GPa yields a Vo/Z = 127.4(6) A* and a bulk modulus
of By = 128(7) GPa. The fact that the structure is considerably
less compressible at high pressures is likely due to a
combination of two factors: (i) the aforementioned structural
behavior, which entails a progressive decrease in compressi-
bility upon compression and (ii) the loss of the hydrostaticity
of the pressure-transmitting medium above 10 GPa, which
could lead to a change in the slope of the V=P experimental
data. Alstonite appears to be extremely sensitive to non-
hydrostatic stresses. We also note that our calculations do not
reproduce the experimental compressibility above 9 GPa.

B CONCLUSIONS

In this work, we have first determined the BaCa(CO;),
alstonite structure at ambient conditions from single-crystal
XRD measurements. The unit-cell dimensions and atomic
coordinates of the heavier metallic atoms coincide with those
recently reported by Bindi et al,*’ but the location of some of
the carbonate groups is different. This entails different
coordination environments in the Ba and Ca atoms despite
being 10-fold and 8-fold coordinated, respectively, in both
structural models. The atomic weight of the cations present
and the crystal structure give a density value for the alstonite
mineral at ambient conditions of 3.668 g/cm?®, following the
density against cation atomic weight trend observed in
carbonates where the coordination number of cations by
oxygen atoms is higher than 6.%

It is known that the ordered combination of two types of
cations in a carbonate, like the one which occurs in alstonite,
makes a more stable carbonate than the single-cation end-
members. This becomes clear from direct comparison of the
free energies of formation from ions of CaCOj; calcite/
aragonite, BaCO; witherite, and BaCa(CO5), alstonite.”” The
relative stability of the different BaCa(COs;), polymorphs,
however, was never investigated. Our DFT calculations show
that barytocalcite is the thermodynamically stable phase but
the differences in enthalpies with alstonite and paralstonite are
very small (<0.08 eV/formula unit), which suggests that either
of these phases could be found in nature, as in fact occurs. The
alstonite structure previously reported”’ appears to be less
stable at ambient conditions.

Subsequently, we have experimentally and theoretically
studied the phase behavior of BaCa(CO;), alstonite at high
pressure. Its compressibility is strongly anisotropic. The highly
incompressible [CO;] carbonate groups are arranged perpen-
dicular to the ¢ axis, which makes this axis approximately 3
times more compressible than the a axis. The bulk modulus of
alstonite (B, = 60(3) GPa) is approximately an average of the
bulk modulus for their corresponding single-cation minerals.
Above 9 GPa, experiments reveal that the trigonal P321 phase
of alstonite transforms into a monoclinic phase, with no
volume discontinuity at the transition. The structure suffers a
distortion, which can be described by the C2 space subgroup of
the initial phase and two slightly different pseudotrigonal a and
b axes. This is consistent with DFT results, which additionally
predict that, upon further compression, at 24 GPa, the
carbonate groups within the structure rearrange and the
coordination number of the Ba atoms increase to 11—12. This
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second high-pressure monoclinic (also C2) polymorph is an
alstonite structural variant more stable than barytocalcite at
high pressures.

Carbonates play a central role in the subduction transport of
oxidized carbon from the earth’s surface to the mantle.
Although at upper mantle conditions the chemistry of
carbonates within subducting slabs is thought to be mainly
restricted to the CaCO;—MgCO;—FeCOj; system, the study of
the effect of the inclusion of larger cations in the carbonate
structure is important. Our results provide information on the
structural local environment of metal atoms in a double Ca—Ba
carbonate, which affects the density and the solubility, and
reports the phase stability and compressibility of this carbonate
upon compression. More thorough structural analyses of
carbonate minerals will give further insight into potential
chemical substitution at inner earth conditions and the great
mineralogical diversity found in nature.

B ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsearthspace-
chem.1c00032.

Tables showing the experimental and calculated (static)
lattice parameters and unit-cell volumes for BaCa(CO;),
alstonite at different pressures (PDF)

B AUTHOR INFORMATION

Corresponding Author
Raquel Chulié-Jorddn — Departamento de Fisica Aplicada-
ICMUYV, Universitat de Valencia, MALTA Consolider Team,
46100 Valencia, Spain; © orcid.org/0000-0003-4289-
0323; Email: Raquel.Chulia@uv.es

Authors

David Santamaria-Perez — Departamento de Fisica Aplicada-
ICMUV, Universitat de Valencia, MALTA Consolider Team,
46100 Valencia, Spain; ® orcid.org/0000-0002-1119-5056

Javier Ruiz-Fuertes — DCITIMAC, Universidad de
Cantabria, MALTA Consolider Team, 39005 Santander,
Spain; © orcid.org/0000-0003-3175-7754

Alberto Otero-de-la-Roza — Departamento de Quimica Fisica
y Analitica, Facultad de Quimica, Universidad de Oviedo,
MALTA Consolider Team, 33006 Oviedo, Spain;

orcid.org/0000-0002-4866-5816

Catalin Popescu — CELLS-ALBA Synchrotron Light Facility,

08290 Barcelona, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsearthspacechem.1c00032

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

Authors thank the financial support from the Spanish
Ministerio de Ciencia, Innovacién y Universidades (MICINN)
and the Agencia Estatal de Investigacion under projects
MALTA Consolider Ingenio 2010 network (MAT2015-71070-
REDC) and PGC2018-097520-A-100 (cofinanced by EU
FEDER funds) and from the Generalitat Valenciana under
project PROMETEO/2018/123. D.S.-P. and A.O.R. acknowl-
edge the financial support of the Spanish MINECO for RyC-

https://doi.org/10.1021/acsearthspacechem.1c00032
ACS Earth Space Chem. 2021, 5, 1130-1139


https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00032?goto=supporting-info
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00032?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acsearthspacechem.1c00032/suppl_file/sp1c00032_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raquel+Chulia%CC%81-Jorda%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-4289-0323
http://orcid.org/0000-0003-4289-0323
mailto:Raquel.Chulia@uv.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Santamaria-Perez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-1119-5056
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Ruiz-Fuertes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-3175-7754
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alberto+Otero-de-la-Roza"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-4866-5816
http://orcid.org/0000-0002-4866-5816
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Catalin+Popescu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsearthspacechem.1c00032?ref=pdf
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.1c00032?rel=cite-as&ref=PDF&jav=VoR

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

2014-15643 and RyC-2016-20301 Ramon y Cajal Grants,
respectively. C.P. acknowledges the financial support from the
Spanish Ministerio de Economia y Competitividad (MINECO
project FIS2017-83295-P). Authors also thank Dr. Nicolescu
and the Mineralogy and Meteoritic Department of the Yale
Peabody Museum of Natural History for providing the mineral
samples and ALBA-CELLS synchrotron for providing
beamtime under experiment 2019093741. A.O.R. thanks the
MALTA Consolider supercomputing centre and Compute
Canada for computational resources.

B REFERENCES

(1) Anders, E.;; Owen, T. Mars and Earth: Origin and abundance of
volatiles. Science 1977, 198, 453—465.

(2) Dasgupta, R. Ingassing, storage, and outgassing of terrestrial
carbon through geologic time. Rev. Mineral. Geochem. 2013, 75, 183.

(3) Mackenzie, F. T. Carbonate Mineralogy and Geochemistry In
Encyclopedia of Sediments and Sedimentary Rocks; Middleton, G. V;
Church, M. ]J.; Coniglio, M.; Hardie, L. A.; Longstaffe, F. J., Eds,;
Encyclopedia of Earth Sciences Series; Springer: Dordrecht, 1978; pp
93—100.

(4) Isshiki, M.; Irifune, T.; Hirose, K.; Ono, S.; Ohishi, Y.; Watanuki,
T.; Nishibori, E.; Takata, M.; Sakata, M. Stability of magnesite and its
high-pressure form in the lowermost mantle. Nature 2004, 427, 60—
63.

(S) Katsura, K; Tsuchida, Y.; Ito, E.; Yagi, T.; Utsumi, W.; Akimoto,
S. Stability of magnesite under the lower mantle conditions. Proc. Jpn.
Acad., Ser. B 1991, 67, 57—60.

(6) Suito, K.; Namba, J.; Horikawa, T.; Taniguchi, Y.; Sakurai, N.;
Kobayashi, M.; Onodera, A.,; Shimomura, O.; Kikegawa, T. Phase
relations of CaCO3 at high pressure and high temperature. Am.
Mineral. 2001, 86, 997—1002.

(7) Merlini, M.; Hanfland, M.; Crichton, W. A. CaCO3-III and
CaCO3-1V, high-pressure polymorphs of calcite: Possible host
structures for carbon in the Earth’s mantle. Earth Planet. Sci. Lett.
2012, 333—334, 265—-271.

(8) Merlini, M.; Crichton, W. A.; Hanfland, M.; Gemmi, M.; Miiller,
H.; Kupenko, L; Dubrovinsky, L. Structures of dolomite at ultrahigh
pressure and their influence on the deep carbon cycle. Proc. Natl
Acad. Sci. US.A. 2012, 109, 13509—13514.

(9) Peacor, D. R;; Essene, E. J.; Gaines, A. M. Petrologic and cristal-
chemical implications of cation order-disorder in kutnahorite
CaMn(CO3)2. Am. Mineral. 1987, 72, 319—328.

(10) Garavelli, C. G.; Vurro, F.; Fioravanti, G. C. Minrecordite, a
new mineral from Tsumeb. Mineral. Rec. 1982, 13, 131—136.

(11) Ross, N. L.; Reeder, R. J. High-pressure structural study of
dolomite and ankerite. Am. Mineral. 1992, 77, 412—421.

(12) Santamaria-Perez, D.; Otero-de-la-Roza, A.; Ruiz-Fuertes, J.;
Chulia-Jordan, R.; Marquefio, T.; MacLeod, S.; Popescu, C. Pressure
and temperature effects on low-density Mg3Ca(CO3)4 huntite
carbonate. J. Phys. Chem. C 2020, 124, 1077—1087.

(13) Gavryushkin, P. N,; Thomas, V. G.; Bolotina, N. B.; Bakakin, V.
V.; Golovin, A. V,; Seryotkin, Y. V.; Fursenko, D. A,; Litasov, K. D.
Hydrothermal synthesis and structure solution of Na2Ca(CO3)2:
“Synthetic analogue” of mineral nyerereite. Cryst. Growth Des. 2016,
16, 1893—1902.

(14) Rashchenko, S. V.; Shatskiy, A. F.; Arefiev, A. V.; Seryotkin, Y.
V.; Litasov, K. D. Na4Ca(CO3)3: A novel carbonate analog of borate
optical materials. Cryst. Eng. Comm. 2018, 20, 5228—5232.

(15) Dickens, B.; Hyman, A; Brown, W. E. Crystal structure of
Ca2Na2(C03)3. J. Res. Natl. Bur. Stand., Sect. A 1971, 754, 129—135.

(16) Effenberger, H.; Langhof, H. On the planarity of the CO3
group in Buetschilite, dipotassium calcium dicarbonate, K2Ca(CO3)-
2: A further refinement of the atomic arrangement. Acta Crystallogr.,
Sect. C: Cryst. Struct. Commun. 1984, 40, 1299—1300.

(17) Winbo, C.; Bostroem, D.; Goebbels, M.; et al. Crystal structure
of the double carbonate K2Ca2(CO3)3. Acta Chem. Scand. 1997, 51,
387-391.

1138

(18) Shi, N.; Ma, Z.; Peng, Z. The crystal structure of carbocernaite.
Kexue Tongbao 1982, 27, 76—80.

(19) Dickens, B.; Bowen, J. S. The crystal structure of BaCa(CO3)2
(barytocalcite). J. Res. Natl. Bur. Stand., Sect. A 1971, 75, 197—203.

(20) Bindi, L.; Roberts, A. C.; Biagioni, C. The cristal structure of
alstonite, BaCa(CO3)2: An extraordinary example of ‘hidden’
complex twinning in large single crystals. Mineral. Mag. 2020, 84,
699—704.

(21) Effenberger, H. Die Kristallstruktur des Minerals Parastonit,
BaCa(C03)2. Neu. Jb. Mineral, Monatsch.; Deu; Da. 1980, 8, 353—
363.

(22) Spahr, D.; Bayarjargal, L.; Vinograd, V.; Luchitskaia, R;
Milman, V.; Winkler, B. A new BaCa(CO3)2 polymorph. Acta
Crystallogr., Sect. B: Struct. Sci,, Cryst. Eng. Mater. 2019, 75, 291—300.

(23) Santamaria-Perez, D.; Ruiz-Fuertes, J.; Marquefio, T.; Pellicer-
Porres, J.; Chulia-Jordan, R.; MacLeod, S.; Popescu, C. Structural
behavior of natural silicate—carbonate spurrite mineral, CaS(SiO4)-
2(CO3), under high-pressure, high-temperature conditions. Inorg.
Chem. 2018, 57, 98—105.

(24) Santamaria-Perez, D.; Ruiz-Fuertes, J.; Pefa-Alvarez, M.;
Chulia-Jordan, R.; Marqueno, T.; Zimmer, D.; Gutierrez-Cano, V;
MacLeod, S.; Gregoryanz, E.; Popescu, C.; Rodriguez-Hernandez, P.;
Munoz, A. Post-tilleyite, a dense calcium silicate-carbonate phase. Sci.
Rep. 2019, 9, No. 7898.

(25) Sheldrick, G. M. SHELXT — integrated space-group and crystal
structure determination. Acta Crystallogr., Sect. A: Found. Adv. 2018,
71, 3-8.

(26) Sheldrick, G. M. Crystal structure refinement with SHELXL.
Acta Crystallogr,, Sect. C: Struct. Chem. 2018, 71, 3—8.

(27) Farrugia, L. J. WinGX and ORTEP for Windows: an update. J.
Appl. Crystallogr.. 2012, 45, 849—854.

(28) Fauth, F.; Peral, L; Popescu, C.; Knapp, M. The new material
science powder diffraction beamline at ALBA synchrotron. Powder
Diffr. 2013, 28, S360.

(29) Santamaria-Perez, D.; Garbarino, G.; Chulia-Jordan, R;
Dobrowolski, M. A.; Muehle, C.; Jansen, M. Pressure-induced phase
transformations in mineral chalcocite, Cu2S, under hydrostatic
conditions. J. Alloys Compd. 2014, 610, 645—650.

(30) Marqueno, T.; Santamaria-Perez, D.; Ruiz-Fuertes, J.; Chulia-
Jordan, R;; Jorda, J. L.; Rey, F.; McGuire, C.; Kavner, A.; MacLeod, S.;
Daisenberger, D.; et al. An ultrahigh CO2-loaded silicalite zeolite:
Structural stability and physical properties at high pressures and
temperatures. Inorg. Chem. 2018, 57, 6447—6455.

(31) Klotz, S; Chervin, J. C.; Munsch, P.; Le Marchand, G.
Hydrostatic limits of 11 pressure transmitting media. J. Phys. D: Appl.
Phys. 2009, 42, No. 075413.

(32) Dewaele, A.; Loubeyre, P.; Mezouar, M. Equations of state ofsix
metals above 94 GPa. Phys. Rev. B. 2004, 70, No. 094112.

(33) Prescher, C.; Prakapenka, V. B. DIOPTAS: A Program for
Reduction of Two-Dimensional X-Ray Diffraction Data and Data
Exploration. High Pressure Res. 20185, 35, 223—230.

(34) Holland, T. J. B.; Redfern, S. A. T. Unit cell refinement from
powder diffraction data: the use of regression diagnostics. Mineral.
Mag. 1997, 61, 65=77.

(35) Nolze, G.; Kraus, W. Powdercell 2.0 for Windows. Powd.
Diffract. 1998, 13, 256—259.

(36) Blschl, P. E. Projector augmented-wave method. Phys. Rev. B
1994, 50, 17953—17979.

(37) Giannozzi, P.; Andreussi, O.; Brumme, T.; Bunau, O,
Buongiorno Nardelli, M.; Calandra, M.; Car, C; Cavazzoni, C,;
Ceresoli, D.; Cococcioni, M.; Colonna, N.; Carnimeo, I.; Dal Corso,
A.; de Gironcolj, S.; Delugas, P.; DiStasio, R. A,, Jr; Ferretti, A.; Floris,
A.; Fratesi, G.; Fugallo, G.; Gebauer, R.; Gerstmann, U.; Giustino, F.;
Gorni, T.; Jia, J.; Kawamura, M.; Ko, H.-Y.; Kokalj, A.; Kiigiikbenli, E.;
Lazzeri, M.; Marsili, M.; Marzari, N.; Mauri, F,; Nguyen, N. L;
Nguyen, H.-V.; Otero-de-la-Roza, A.; Paulatto, L.; Poncé, S.; Rocca,
D.; Sabatini, R.; Santra, B.; Schlipf, M.; Seitsonen, A. P.; Smogunov,
A.; Timrov, L.; Thonhauser, T.; Umari, P.; Vast, N.; Wu, X,; Baroni, S.

https://doi.org/10.1021/acsearthspacechem.1c00032
ACS Earth Space Chem. 2021, 5, 1130-1139


https://doi.org/10.1126/science.198.4316.453
https://doi.org/10.1126/science.198.4316.453
https://doi.org/10.2138/rmg.2013.75.7
https://doi.org/10.2138/rmg.2013.75.7
https://doi.org/10.1038/nature02181
https://doi.org/10.1038/nature02181
https://doi.org/10.2183/pjab.67.57
https://doi.org/10.2138/am-2001-8-906
https://doi.org/10.2138/am-2001-8-906
https://doi.org/10.1016/j.epsl.2012.04.036
https://doi.org/10.1016/j.epsl.2012.04.036
https://doi.org/10.1016/j.epsl.2012.04.036
https://doi.org/10.1073/pnas.1201336109
https://doi.org/10.1073/pnas.1201336109
https://doi.org/10.1021/acs.jpcc.9b08952
https://doi.org/10.1021/acs.jpcc.9b08952
https://doi.org/10.1021/acs.jpcc.9b08952
https://doi.org/10.1021/acs.cgd.5b01398
https://doi.org/10.1021/acs.cgd.5b01398
https://doi.org/10.1039/C8CE00745D
https://doi.org/10.1039/C8CE00745D
https://doi.org/10.6028/jres.075A.013
https://doi.org/10.6028/jres.075A.013
https://doi.org/10.1107/S0108270184007721
https://doi.org/10.1107/S0108270184007721
https://doi.org/10.1107/S0108270184007721
https://doi.org/10.3891/acta.chem.scand.51-0387
https://doi.org/10.3891/acta.chem.scand.51-0387
https://doi.org/10.6028/jres.075A.020
https://doi.org/10.6028/jres.075A.020
https://doi.org/10.1180/mgm.2020.61
https://doi.org/10.1180/mgm.2020.61
https://doi.org/10.1180/mgm.2020.61
https://doi.org/10.1107/S2052520619003238
https://doi.org/10.1021/acs.inorgchem.7b02101
https://doi.org/10.1021/acs.inorgchem.7b02101
https://doi.org/10.1021/acs.inorgchem.7b02101
https://doi.org/10.1038/s41598-019-44326-9
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://doi.org/10.1107/S0021889812029111
https://doi.org/10.1017/S0885715613000900
https://doi.org/10.1017/S0885715613000900
https://doi.org/10.1016/j.jallcom.2014.04.176
https://doi.org/10.1016/j.jallcom.2014.04.176
https://doi.org/10.1016/j.jallcom.2014.04.176
https://doi.org/10.1021/acs.inorgchem.8b00523
https://doi.org/10.1021/acs.inorgchem.8b00523
https://doi.org/10.1021/acs.inorgchem.8b00523
https://doi.org/10.1088/0022-3727/42/7/075413
https://doi.org/10.1103/PhysRevB.70.094112
https://doi.org/10.1103/PhysRevB.70.094112
https://doi.org/10.1080/08957959.2015.1059835
https://doi.org/10.1080/08957959.2015.1059835
https://doi.org/10.1080/08957959.2015.1059835
https://doi.org/10.1180/minmag.1997.061.404.07
https://doi.org/10.1180/minmag.1997.061.404.07
https://doi.org/10.1103/PhysRevB.50.17953
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.1c00032?rel=cite-as&ref=PDF&jav=VoR

ACS Earth and Space Chemistry

http://pubs.acs.org/journal/aesccq

Advanced capabilities for materials modelling with Quantum
ESPRESSO. J. Phys.: Condens. Matter 2017, 29, No. 465901.

(38) Becke, A. D. On the large-gradient behavior of the density
functional exchange energy. J. Chem. Phys. 1986, 85, 7184—7187.

(39) Perdew, J. P.; Burke, K; Ernzerhof, M. Generalized gradient
approximation made simple. Phys. Rev. Lett. 1996, 77, 3865—3868.

(40) Becke, A. D.; Johnson, E. R. Exchange-hole dipole moment and
the dispersion interaction revisited. J. Chem. Phys. 2007, 127,
154108—154114.

(41) Otero-De-La-Roza, A.; Johnson, E. R. Van der Waals
interactions in solids using the exchange-hole dipole moment
model. J. Chem. Phys. 2012, 136, No. 174109.

(42) Perdew, J. P.; Ruzsinszky, A.; Csonka, G.; Vydrov, O. A;
Scuseria, G. E.; Constantin, L. A.; Zhou, X.; Burke, K. Restoring the
density-gradient expansion for exchange in solids and surface. Phys.
Rev. Lett. 2008, 100, No. 136406.

(43) Otero-De-La-Roza, A.; Luafia, V. Gibbs2: A new version of the
quasi-harmonic model code. I. Robust treatment of the static data.
Comput. Phys. Commun. 2011, 182, 1708—1720.

(44) Otero-De-La-Roza, A.; Abbasi-Pérez, D.; Luana, V. Gibbs2: A
new version of the quasiharmonic model code. II. Models for solid-
state thermodynamics, features and implementation. Comput. Phys.
Commun. 2011, 182, 2232—2248.

(45) Togo, A,; Tanaka, L. First principles phonon calculations in
materials science. Scr. Mater. 2015, 108, 1-S.

(46) Breithaupt, A. Holoédrites syntheticus oder alstonit.
Vollstindiges Handb. Mineral. 1841, 2, 255—256.

(47) Santamaria-Perez, D.; Chulia-Jordan, R; Daisenberger, D.;
Rodriguez-Hernandez, P.; Mufioz, A. Dense post-Barite-type poly-
morph of PbSO4 anglesite at high pressures. Inorg. Chem. 2019, S8,
2708-2716.

(48) Birch, F. Finite elastic strain of cubic crystals. Phys. Rev. 1947,
71, 809—824.

(49) Zhang, J.; Reeder, R. J. Comparative compressibilities of calcite-
structure carbonates: Deviations from empirical relations. Am.
Mineral. 1999, 84, 861—870.

(50) Palaich, S. E. M.; Heffern, R. A,; Hanfland, M.; Lausi, A;
Kavner, A.; Manning, C. E.; Merlini, M. High-pressure compressibility
and thermal expansion of aragonite. Am. Mineral. 2016, 101, 1651—
1658.

(51) Wang, M; Liu, Q.; Nie, S.; Li, B.; Wu, Y.; Gao, J.; Wei, X.; Wy,
X. High-pressure phase transitions and compressibilities of aragonite-
structured carbonates: SrCO3 and BaCO3. Phys. Chem. Miner. 2015,
42, 517-527.

(52) Biedermann, N.; Bykova, E.; Morgenroth, W.; Efthimiopoulos,
L; Mueller, J.; Spiekermann, G.; Glazyrin, K.; Pakhomova, A.; Appel,
K.; Wilke, M. Equation of state and high-pressure phase behavior of
SrCO3. Eur. J. Mineral. 2020, 32, 575—586.

(53) Chulia-Jordén, R.; Santamaria-Perez, D.; Otero-de-la-Roza, A.;
Ruiz-Fuertes, J.; Marquefio, T.; Gomis, O.; MacLeod, S.; Popescu, C.
Phase stability of natural Ni0.75Mg0.22Ca0.03CO3 gaspeite mineral
at high pressure and temperature. J. Phys. Chem. C 2020, 124, 19781—
19792.

(54) Litasov, K. D.; Fei, Y,; Ohtani, E.; Kuribayashi, T.; et al.
Thermal equation of state of magnesite to 32 GPa and 2073 K. Phys.
Earth Planet. Inter. 2008, 168, 191—203.

(55) Roberts, A. C. A Mineralogical Investigation of Alstonite
BaCa(C03)2. Ph.D. Thesis, Queen’s University: Canada, 1976.

(56) Dickens, B. Unpublished manuscript on alstonite, 1971.

(57) Bruce Railsback, L. Patterns in the compositions, properties and
geochemistry of carbonate minerals. Carbonates Evaporites 1999, 14,
1-20.

1139

https://doi.org/10.1021/acsearthspacechem.1c00032
ACS Earth Space Chem. 2021, 5, 1130-1139


https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1088/1361-648X/aa8f79
https://doi.org/10.1063/1.451353
https://doi.org/10.1063/1.451353
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1063/1.2795701
https://doi.org/10.1063/1.2795701
https://doi.org/10.1063/1.4705760
https://doi.org/10.1063/1.4705760
https://doi.org/10.1063/1.4705760
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1016/j.cpc.2011.04.016
https://doi.org/10.1016/j.cpc.2011.04.016
https://doi.org/10.1016/j.cpc.2011.05.009
https://doi.org/10.1016/j.cpc.2011.05.009
https://doi.org/10.1016/j.cpc.2011.05.009
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1016/j.scriptamat.2015.07.021
https://doi.org/10.1021/acs.inorgchem.8b03254
https://doi.org/10.1021/acs.inorgchem.8b03254
https://doi.org/10.1103/PhysRev.71.809
https://doi.org/10.2138/am-1999-5-620
https://doi.org/10.2138/am-1999-5-620
https://doi.org/10.2138/am-2016-5528
https://doi.org/10.2138/am-2016-5528
https://doi.org/10.1007/s00269-015-0740-2
https://doi.org/10.1007/s00269-015-0740-2
https://doi.org/10.5194/ejm-32-575-2020
https://doi.org/10.5194/ejm-32-575-2020
https://doi.org/10.1021/acs.jpcc.0c04509
https://doi.org/10.1021/acs.jpcc.0c04509
https://doi.org/10.1016/j.pepi.2008.06.018
https://doi.org/10.1007/BF03176144
https://doi.org/10.1007/BF03176144
http://pubs.acs.org/journal/aesccq?ref=pdf
https://doi.org/10.1021/acsearthspacechem.1c00032?rel=cite-as&ref=PDF&jav=VoR

